In this paper, we present a photonic crystal fiber (PCF) filter that it has the advantageous properties of narrow width and single-polarization through the principle of surface plasmon resonance (SPR) by a full-vector modal solver based on the finite element method. Gold nanowire is used as the SPR active metal and be filled into cladding air holes selectively. The proposed PCF can be used as a perfect polarization filter at 1.31 or 1.55 μm from y-polarized mode, respectively, if the appropriate sizes of the cladding air holes are selected. Only 13 nm that the full width at half maximum is able to achieve with one gold nanowire, and when the PCF is filled two gold nanowires, with a length of 1 mm of the designed PCF, the bandwidths with the crosstalk better than 30 dB can reach up to 235 nm, at the wavelength of 1.55 μm. The results indicate that the polarized light in one direction can be filtered out selectively by adjusting diameter of air holes and achieve filtering effect in communication bands.
Introduction
Realizing miniaturization and integration of photonic devices is a developing trend of optical fiber devices. Photonic crystal fibers (PCFs) [1] have been widely applied many fields such as biology, chemistry, and medicine because of their flexible and controllable characteristics in the late years. What's more, through selectively filling the cladding air holes with materials such as liquid crystal [2] , semiconductor [3] , or metal [4] that the optical properties of silica-air PCFs can be extended effectively. In metal-PCF, when the original electromagnetic environment has been disturbed, and surface plasmon resonance (SPR) could be excited once the modes match with each other between fiber modes and plasmonic modes [5] , which have a great influence in the area of optical sensing and sub-wavelength [6] . It is strongly wavelength-dependent transmissions that we can see in metal-filled PCFs when the core guided light couples to surface plasmon polaritons (SPPs) at particular frequencies which indicate the potential application in all-fiber device. The wavelength dependence polarization filter plays a key role in modern optoelectronic and communication systems, especially in the field of passive optical networks. Recently, many reports have discussed the polarization filter characteristics with metal nanowire. Fan et al. reported polarization filter characteristics of D-shaped photonic crystal fiber based on surface Plasmon resonance [7] , and Y. Du et al. demonstrated polarization splitting fiber characteristics of Au-filled high-birefringence photonic crystal fiber [8] . Akira et al. studied polarization characteristics of photonic crystal fibers selectively filling metal wires into cladding air holes [9] . Furthermore, producing the metal-filled PCF also be studied. Zhang et al. successfully fabricated the microstructural optical fiber by selective coating of holes [10] . Lee. successfully introduced transmission properties of selectively gold-filled polarization-maintaining PCF [11] . It is obvious that the spp in PCFs have been widely studied as polarization filter.
In this paper, we design a PCF with symmetrical structure in the perpendicular direction based on SPR and investigate the polarization characteristics. By adjusting the diameter of the small air holes near the fiber core, the y-polarized mode can be selectively filtered from the wavelength of 1.2 to 1.7 μm. The resonance wavelength is 1.31 μm when d1 is selected as 0.25 μm, and the full width half maximum is only 13 nm, which is better than reported [12] . Additionally, the crosstalk and bandwidth are analyzed which stand for characteristics of polarization filter. Finally, we discuss the difference of the polarization properties when the PCF filled one or two metal nanowires. The PCF we proposed has a simple structure but versatile, which is applicable for fiber filter production. It plays an important role in the applications of single-polarization in communication band, and it is distinctly beneficial to the development of other optical fiber based plasmonics devices.
The Design of Structure and Basic Theories
In order to improve the feasibility of real operation, the simple structure is proposed as Fig. 1 . All air holes in cladding are arranged in a regular two-dimensional triangular lattice with the lattice constant of = 2 μm, and the common air diameter of d is 0.8 μm, the diameter and location of small air hole d1 is 0.25 μm, p1 is 0.3 μm. In order to confine the light into the core effectively for lower confinement loss, the ration between the air-hole diameter and the pitch is designed much high reach to 0.8. Solid core PCFs be rendered birefringent by introducing twofold symmetry in the region close to core [13] . For the defects of the periodic structure, the core of PCF is composed of two small air holes instead of an air hole in the horizontal direction, which is beneficial to produce birefringence and boost the coupling between spp mode and core-guided mode. Results show that the resonance peaks are very sensitive to the size of d1. A gold wire is filled in the vertical direction of the third air hole. Two small air holes are set in the horizontal direction of the core fiber which is used to further push the guided light to leak along with the vertical direction and which would make it more easier to commence the resonance with surface plasmon waves. It is a perfectly matched layer (PML) [14] in the outmost layer with several micrometers, which is used to absorb the radiation energy for more accurate numerical calculation.
In this structure, the background material is pure silica, in the numerical calculation, and refractive index of air is 1. The dispersion of silica is considered by Sellmeier equation [15] , and we used Drude-Lorentz model to calculate the dispersion of metal in which optical constants are achieved by [16] . The confinement loss of the x-and y-polarized modes can be calculated by [17] :
where λ represents the operating wavelength, and Im[n eff ] is the imaginary part of effective refractive index. Once the phases of core modes and SPP modes matched, the energy in the core of the PCF can definitely couple to the surface plasmon of the nanowires, and as loss peaks form, the resonance is the strongest at this wavelength. The resonance wavelength and strength changed at different structural parameters.
Numerical Results and Analysis

Fundamental Properties of Metal-Filled PCFs
To discuss the polarization characteristics conveniently, the dispersion property and modal attenuation of SPP modes, together with the horizontally polarized (x-polarized) and vertically polarized (y-polarized) modes guided in the core of metal-filled PCFs are showed in Fig. 2 . Additionally, the amplification regions of the anti-crossing points are inserted and the distribution of electric field are shown in the right. As Fig. 2(a) shown, combining the distribution of electric energy, it is obvious that the resonance occurs when wavelength equals to 1.31 nm the point of B for y-polarized mode. As for the wavelength away from 1.31 nm the point of A, two polarized modes both are not satisfied the resonance and energy is confined with the core. The refractive index decrease smoothly except a S-knot appearing at the crossing point between y-polarized mode and 2-nd plasmon mode which is just the loss dip of 2-nd plasmon mode. It demonstrated that the incomplete coupling resonance has happened. When we increased the size of d1, we found out that the coupling resonance is increasing and the resonant wavelength is accordingly removing to longer wavelength. As d1 = 0.35 μm, Fig. 2(b) shows us the modes' coupling properties. Under this condition, the refractive index curves of y-polarized mode and 2-nd plasmon mode split at the resonant wavelength where the dip loss of 2-nd plasmon mode and the peak loss of core-guide mode equal to each other. It means complete resonance [16] appears. We can find that the 2-nd plasmon mode and the y-polarization of coreguided modes got phase matched in specific wavelength while the loss of x-polarized modes keep a low level during the wavelength we studied. It can be called single-polarization photonic crystal fiber [18] since the y-polarized mode is suppressed and only x-polarized mode can be guided in a particular band. The lower loss for x-polarized mode is attributed to the size of the air holes in the horizontally direction which is so small that the core-guided modes is confined in a solid core by exploiting modified total internal reflection mechanism. We proposed the metal-filled PCF for single-polarization filter, which could suppress polarization mode coupling and polarization mode dispersion due to the single-polarization guiding characteristic in cores. The characteristics of this PCF can effectively overcome the polarization interference, polarization loss and modal dispersion and other issues, can greatly improve the stability of optical devices and optical transmission systems. Single-polarization single-mode PCF is used widely, such as fiber optic gyro, high-power fiber laser, fiber polarizers and other field about polarization. By adjusting the diameters of the small air holes d1, changing the diameter difference of air holes between the x-and y-direction around the core fiber, this designed PCF can be used as the polarization filter at the wavelengths of 1.31 and 1.55 μm respectively. The resonance positions and the resonance strength between fundamental mode and plasma polaritons could be well tuned by changing the diameters of air holes around the core. As we mentioned above, the wavelength moves to longer wavelength as the diameter of d1 increases. Now we present the detailed shift about this as the following figures. Fig. 3(a) shows the loss spectra under various d1 with the parameters of d = 0.8 μm, p1 = 0.3 μm, and = 2 μm, when filling two gold nanowires, while Fig. 3(b) filled with one nanowire. It has been calculated that the resonance strength of the y-polarized mode is about 177 times than x-polarized mode at the wavelength of 1.31 μm. The resonance strength of the y-polarized mode increases initially and then decreases as d1 is increased from 0.25 to 0.35 μm in the Fig. 3(b) which is because of the incompletely coupling when d1 is 0.25 μm, until d1 is 0.27 μm reached completely coupling. The transform from incomplete coupling to complete coupling is attributed to adjusting the effective refractive index by increasing the diameter of the small air holes near the fiber core. The explanation from theory of the coupled mode described that not in terms with phase matching but also loss matching are essential in mode coupling [19] . Therefore, in order to achieve complete coupling, with the increase of d1, the loss of the core-guided modes increases until complete coupled, and then the loss decreases gradually. Just like Fig. 3(a) , it was completely coupling when d1 is 0.25 μm. By comparing (a) and (b) two figures, when the PCF is filled with one more metal nanowires in a symmetrical position, there will generated more plasma so that in order to resonance with the same mode need more energy that means the optical frequency need become larger, that is the wavelength is short, and the resonance strength increases, then result in reached complete coupling at a shorter wavelength. According to the [20] , by bring two identical nanowires into close proximity, the resonance wavelength could splitting more than 100 nm result from the formation of the bonding and antibonding solution. The PCF proposed in this paper that the two nanowires are set on opposing of core could produce more plasma, but the two spp modes will not happen interaction, will not change the refractive index and the resonance wavelength remain unchanged. Besides, with the increases of d1, the loss of x-polarized mode will have a low peak, we can find it happen just when d1 reach to 0.35 μm. It is because of the diffractive effect based on optics that the operating wavelength increases to some extent which could be compared with the air hole's diameter, so x-polarized mode might leak out.
Next, the resonance wavelength can be altered effectively by adjusting d1, as presented in Fig. 4 . What we can see that the distance of wavelength shift to the direction of longer wavelength reached 240 nm by increasing the diameter from 0.5(0.25 ) to 0.7(0.35 ) μm, which is better than [12] . The important feature indicated that the polarization filter with wavelength control is built from such PCF can be applied to 1.2 to 1.75 μm by adjusting d1. As the small air hole diameter of d1 is increased from 0.2 μm to 0.4 μm, The resonance wavelengths of y-polarized mode is linear change with the increasing of d1, and when d1 are chosen as 0.25 μm and 0.35 μm, the resonance wavelengths are 1.31 and 1.55 μm, respectively. 
Polarization Filter Characteristics
The crosstalk (CT) is a key parameter of polarization filter [18] , which determines the influence of unwanted polarized modes and thus can characterize the quality of transmission performance to some extent. According to Beer Laws [21] and the concept of CT [22] , [23] , the crosstalk as a function of the fiber length can be defined as follows [24] :
where α1, α2, and L stand for the loss of x-and y-polarized mode and the fiber length, respectively. Besides, the available optical bandwidth we considered can be defined as the wavelength range for the crosstalk higher than 30 dB [25] . The results of crosstalk under different fiber lengths dependence of the wavelength are shown in Fig. 5 , and the crosstalk peak occurred at the phase-matching points of 1.31 and 1.55 μm. We can see that the maximum value of crosstalk are increasing as fiber lengths are increased from 400 to 1000 μm. The value of crosstalk can reach to 285 dB at the wavelength of 1.31 μm with the fiber length of L is 1000 μm as shown in Fig. 5(a) . From Fig. 5(b) , we can obtain that the bandwidth can reach to 235 nm, we have a considerable advantage when compared with [7] , [17] , [26] . Thus, these results suggested that polarization filter characteristics of the designed PCF with gold nanowires are good enough in two communication bands. However, the curves are not smooth at the wavelength about 1.52 μm, that is because the x-polarized mode has a peak loss at the wavelength, and the crosstalk depends on the difference of loss between x-and y-polarization, which is consistent with the explanation above.
From what has been discussed above, we reveal that it is important of the crosstalk is high enough as a polarization filter, but it is also essential to have reasonable optical bandwidth in the communication band. Fig. 6 shows the bandwidth at the wavelength of 1.55 μm is much larger than that at the wavelength of 1.31 μm, while the crosstalk is smaller than that at the wavelength of 1.31 μm. Thus, it is indicated that the designed PCF with gold nanowire has good characteristic of application to polarization filter in two communication bands respectively.
To gain further discussion of the polarization characteristic, we have contrasted the PCF which filled with different amounts of gold nanowires. When filling one gold nanowire, the loss of unwanted y-polarized mode can reach 214.23 and 234.31 dB/cm, at the same time the insertion loss is just 1.2092 and 5.5945 dB/cm. In particular, the full width at half maximum (FWHM) is only 13 nm, which means excellent signal-noise ratio. The full width at half-minimum of the loss curve is a very important parameter because it corresponds to the bandwidth of the polarization filter [12] . When filling two gold nanowire, the loss of y-polarized mode reached 330.75 and 242.89 dB/cm, at the wavelength of 1.31 and 1.55 μm, respectively. With a length of 1 mm of the designed PCF, the 
Conclusion
In this paper, a simple structure single-polarization PCF filled with gold nanowire is proposed. By adjusting d1 the diameter of small holes which near the fiber core that the resonance wavelength could be well tuned. The designed PCF with the structure parameters of d1 = 0.25, 0.35 μm can be applied to polarization filter at the wavelength of 1.31 and 1.55 μm, respectively. Varying the number of the gold nanowires, the characteristics of the designed polarization filter are analyzed.
Results show that when the PCF is filled with two nanowires the unwanted loss can reach to 330.75 dB/cm at the wavelengths of 1.31 μm, and the insert loss are less than 1.8922 dB/cm. We investigated the relation of crosstalk as well as the bandwidth with the fiber length. According to the discussion, the bandwidths of the crosstalk better than 30 dB are 235 nm at the wavelength of 1.55 μm, when the fiber length is 1 mm. Moreover, when the PCF is filled with one nanowire, the full width at half maximum is just 13 nm at the wavelength 1.31 μm, such a small number makes the designed PCF promising candidate to filter devices.
